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infarct; mouse CIRCADIAN RHYTHMS are daily variations of physiological processes that are found in living organisms. In mammals, the circadian rhythms are regulated by the suprachiasmatic nucleus (SCN) of the hypothalamus. The SCN synchronizes the circadian rhythms of peripheral organs to each other and to the environmental light-dark cycle via integrated oscillatory expression of multiple circadian clock genes (5, 7, 13, 25) . So far, eight core circadian clock genes have been identified in mammals, including a Clock gene, a gene encoding brain-muscle arylhydrocarbon receptor nuclear translocator (Arnt)-like protein 1 (Bmal1) (16) , three period genes (Per1, Per2, and Per3) (34, 38, 47) , and two cryptochrome genes (Cry1 and Cry2) (12, 33, 40) .
Recently, it has been shown that clock genes are found in all peripheral tissues, including the heart. Epidemiologic studies demonstrate the existence of circadian patterns in the incidence of cardiovascular disease. For example, the onset of non-Qwave angina, unstable angina, myocardial infarctions (MIs), and sudden cardiac death all show marked elevations in the occurrence between the hours of 6:00 AM and 12:00 PM, compared with any other time of day (27, 44) . A better understanding of the function of circadian genes in the heart and in response to injury may lead to innovative therapies for cardiovascular disease (9, 29, 46) .
Cardiac tissue expresses all known isoforms of Cry and Per genes, with Cry2, Per1, and Per2 expressed to the greatest degree (46) . However, all of these genes function essentially as reciprocally controlling transcription factors, and in many cases the expression of these genes is monitored by the modulation of many "noncircadian" proteins as readouts. Enzymes regulating cardiac metabolism (57), reactivity of vascular endothelial cells (22, 50, 54) , modulation of inflammatory responses (3, 27, 33, 34, 44) , bone marrow progenitor cell release (2) , and apoptosis (25) all have circadian gene components of control, and all are associated with the myocardial response to coronary artery occlusion. However, the specific relationship between a circadian gene and the inflammatory response and injury associated with early MI has not been determined. Given that circadian rhythms control the cell cycle and that mutations in clock genes have been associated with tumor growth, altered regulation of apoptosis (22) , altered contractile function, metabolism, and gene expression in clock gene mutant cardiomyocytes (3), it would appear reasonable to suggest that Per2 may be capable of altering the response to ischemic injury. Therefore, these studies were designed to determine the effect of functional mouse Per2 (mPer2) deletion on early post-MI injury.
METHODS

Animals.
Male wild-type (WT) C57BL/6J mice (aged 8 -10 wk) and homozygous mutant mPer2-M mice bred on a C57BL/6J background were obtained from Jackson Laboratories (mPer2-M Brdm1, stock No. 003819; Bar Harbor, ME) (47) . Two segments of the PAS domain of the mPer2 gene were deleted, rendering a functional null mutant. RT-PCR indicated that a mutant transcript, if translated, would generate an 87 amino acid protein (47) . Mice possessing this ubiquitous mutation are morphologically indistinguishable, have a shorter circadian period, and lose rhythmicity in constant darkness compared with their WT counterparts (47) . All animals were individually housed in a light-proof chamber and entrained in a 12-h:12-h light-dark cycle for at least 10 days before surgery. All procedures were approved by the East Carolina University Institutional Animal Care and Use Committee and are in compliance with National Institutes of Health guidelines.
Surgical procedure. Mice were anesthetized (Avertin, 20 l/g ip), intubated, and ventilated using a Kent Scientific TOPO ventilator. Briefly, the left anterior descending coronary artery was permanently ligated or sham ligated in controls. The chest cavity was sutured closed, and the animals were permitted to recover in a warming chamber before being returned to the vivarium. No analgesia was used, and all experiments were performed during the light phase of the circadian cycle between zeitgeber time 3 and 9. The surgical procedure is described in more detail elsewhere (19, 30) .
At 4 days post-MI, mice were given an injection (0.5 ml ip) of 5-bromodeoxyuridine (BrdU, 5 mg/ml) to label proliferating cells and euthanized 1 h later with an intraperitoneal injection of pentobarbital sodium. The perfused heart and a segment of small intestine (used as a positive control for BrdU ϩ proliferating cells) were immersed in zinc fixative, and four transversely sectioned slices of equal thickness were processed and embedded in paraffin. Routine histological (hematoxylin and eosin, picrosirius red/fast green, toluidine blue, and congo red) procedures and immunostaining were performed using 5-m sections.
Morphometry and histology. For nonreperfused infarct studies, photographs of four hematoxylin and eosin-stained sections per heart (uninjured control and 4 days post-MI, both WT and mPer2-M hearts) were taken at ϫ20 using a DP70 digital camera. Scion imaging software (Scion, Frederick, MD) was used to trace the infarct zone (granulation tissue and necrosis), necrosis (no myocyte nuclei), and granulation tissue (inflammatory cells, fibroblasts, smooth muscle cells, and endothelial cells).
To assess the myocyte cross-sectional area (MCSA), three images were taken at ϫ600 from both the epicardial and endocardial surface at the infarct border in two sections containing infarct (12 images total). In each image, three to seven perpendicularly sectioned myocytes with centrally located nuclei were measured and the mean cross-sectional area was calculated.
Immunostaining. Tissue sections were deparaffinized and endogenous peroxidases quenched. After being rinsed in PBS, the slides were incubated with anti-␣-smooth muscle actin (␣-SMA; peroxidase conjugated, DAKO, U7033) for myofibroblasts, anti-CD31 (PharMingen, No. 553371; 1:2,000) for endothelial cells in infarcted hearts, isolectin B4 (Vector, No. B-1205) for endothelial cells in control hearts (19) , anti-CD45 (PharMingen, No. 550539; 1:2,000) for leukocytes, and antiLy6G (BD PharMingen, No. 550291, 1:100) for neutrophils. Biotinylated anti-matrix metalloproteinase (MMP)-9 (R&D Systems, BAF909, 1:3) was used to visualize the expression pattern of MMP-9 in infarcted tissues. The reaction product was visualized with 3,3-diaminobenzidine (DAB; Vector, SK-4100). For BrdU double-labeling of fibroblasts, the slides previously stained with anti-␣-SMA were rinsed and incubated with peroxidase-conjugated anti-BrdU (Roche, No. 1585860; 1:25). The reaction product was visualized with Vector VIP (Vector, SK-4600).
Myofibroblast, capillary, macrophage, and neutrophil density was measured in the infarct zone in five fields/section of two sections of infarcted heart per specimen at ϫ400, and numbers are expressed as n/0.1 mm 2 . Proliferating cells (DAB ϩ /BrdU ϩ ) were counted in random fields throughout the infarct until a total of 500 DAB-positive cells had been counted in each of two sections containing infarct regions. Vascular smooth muscle cells that are clearly part of vessels can easily be seen at this magnification and were thus omitted from these counts. Measurements were expressed as the percentage of double-labeled cells in 1,000 DAB-positive cells Ϯ SE.
For detection of DNA strand breaks in cell nuclei, we used terminal deoxynucleotide transferase-mediated dUTP nick end labeling (TUNEL) staining, a common means of detecting in situ cell death in tissue sections (32, 45) (Roche, No. 11684817910). All TUNELpositive (DAB ϩ ) cells were counted by inspecting random fields throughout the infarct until a total of 500 nuclei had been counted in each of two sections containing infarct regions, and the data were expressed as a percentage of 1,000 total nuclei. A double stain for TUNEL and anti-␣-sarcomeric actin (Sigma, A2172, 1:4,000; visualized with Vector Red, SK-5100) was done to determine the number of apoptotic cardiomyocytes in the border regions of two sections of the heart with infarct regions. The number of double positive cells was expressed as a percentage of 500 total cardiomyocyte nuclei. Western blot analysis. Left ventricles (LVs) of mouse hearts were snap frozen in liquid nitrogen at the time of harvest and subsequently homogenized in HEPES buffer containing protease inhibitors. Proteins from control WT and mPer2-M and 4 days post-MI WT and mPer2-M LVs (40 g) were resolved by SDS polyacrylamide gel electrophoresis (7-15%) and transferred to polyvinylidene difluoride membranes. Chemiluminescence was used for immunodetection. Images of the Western blots were captured using the Typhoon 9410 Imager. Densitometry was performed using ImageQuant TL 1D and array image analysis software. All membranes were subsequently stained with Ponceau S (0.1% wt/vol in 5% acetic acid, Sigma P7170) to confirm equal loading and transfer (26) .
RT-PCR. RNA was isolated from the whole LV according to routine TRIzol method and purified using the RNeasy mini kit (Qiagen; No. 74104). RT was performed using the High-Capacity cDNA RT kit (ABI; 4368814), and 100 ng RNA were amplified with TaqMan Universal Master Mix (ABI; 4364338) using the Applied Biosystems 7900HT Fast Real-Time PCR machine. The following TaqMan primer/probes were purchased from ABI: clock (Mm00455950_m1), bmal1 (Mm00500226_m1), Npas2 (Mm00500848_m1), cry1 (Mm00514392_m1), cry 2 (Mm00546062_m1), mPer1 (Mm00501813_m1), mPer2 (Mm00478113_m1), and GAPDH (Mm99999915_g1) as an internal reference. For each gene, mRNA expression was analyzed in triplicate in three animals.
Hemodynamic determinations. Uninfarcted mice and mice 4 days after infarction were anesthetized (90 mg ketamine-10 mg xylazine/ 100 g body wt ip). Echocardiography (Toshiba Nemio 30, Duluth, GA) using a 14-MHz linear array transducer (PLM 1204AT)-derived LV volume was used to calibrate the LV volume signal obtained by the conductance catheter (20) . Two-dimensional images of the LV were obtained in the parasternal long-axis and short-axis views, and M-mode images were obtained at the midventricular level in both views, from which internal dimensions of the LV were obtained at end diastole and end systole. LV end-diastolic and end-systolic volumes were determined using the area-length method as validated previously (20) .
LV pressure (LVP)-volume measurements were obtained using a 1.2-Fr pressure-volume conductance catheter (Scisense, London, ON, Canada) inserted into the carotid artery and advanced into the LV as described previously (24, 28) . Pressure-volume data were recorded (Polyview, Grass Technologies, Warwick, RI) under baseline conditions and after transient occlusion of the inferior vena cava. Pressurevolume loops were subsequently generated and analyzed off-line, using CardioSoft (Sonometrics, London, ON, Canada) data analysis software. Hemodynamic measurements included peak systolic LVP, stroke volume, heart rate, cardiac output, stroke work, maximum rate of LVP development, end-systolic elastance (36) , and preload recruitable stroke work (PRSW, linear regression of stroke work vs. end-diastolic volume) (11) and are expressed as means Ϯ SD (Table 1) .
Statistics. Data are expressed as means Ϯ SE. Statistical significance between groups was determined by ANOVA, and significance levels were P Ͻ 0.05. Statistical analysis of hemodynamic data was performed using two-factor ANOVA, comparing WT and mPer2-M mice at baseline and at 4 days after infarction, and individual subgroup comparisons were made using Tukey's multiple range test (P Ͻ 0.05). The mortality between 4-day WT and mPer2 mutants and RT-PCR data were analyzed with a Student's t-test (P Ͻ 0.05).
RESULTS
Morphometry and histology. No significant differences were observed in mortality between the WT and mPer-M mice [survival rates: mPer2-M, 83% (n ϭ 15 of 18); and WT, 85% (n ϭ 17 of 20)]. All mice were included in these analyses, and measurements and counts were done blindly.
The infarct area was 43% smaller in the mPer2-M mouse hearts ( Fig. 1 
. At 4 days post-MI, the average MCSA (both endocardial and epicardial) was increased in mPer2-M hearts, whereas it decreased in WT mouse hearts ( Fig. 2B ; WT, 174 Ϯ 6 vs. mPer2-M, 262 Ϯ 9 m). There was no difference between epicardial MCSA versus endocardial MCSA in either WT or mPer2-M hearts at 4 days post-MI.
Representative micrographs of immunohistochemical staining for the pan-leukocyte marker CD45 in WT and mPer2-M mouse hearts are shown in Fig. 3, A and B, respectively. Macrophage density was 25% lower in the infarct zone of mPer2-M hearts at 4 days post-MI compared with WT mouse hearts ( Fig. 3C ; WT, 84 Ϯ 8 vs. mPer2-M, 63 Ϯ 5; P Ͻ 0.05). There was no significant difference between neutrophils (WT 4 day, 13 Ϯ 2 vs. mPer2-M 4 day, 12 Ϯ 3). Similarly, eosino- phils counts using congo red staining and toluidine blue staining for mast cells were present in very low numbers and thus yielded no significant differences between the groups (data not shown).
There was no difference in the vessel density per 0.1 mm 2 in uninfarcted control hearts (WT, 103 Ϯ 8 vs. mPer2-M, 112 Ϯ 4).
Representative images of CD31
ϩ endothelial cells in the infarct zone at 4 days post-MI are shown in WT (Fig. 3D) and mPer2-M (Fig. 3E ) mouse hearts. We observed a 43% increase in vessel density per 0.1 mm 2 in the infarct zone of mPer2-M mice compared with WT ( Fig. 3F ; WT, 49 Ϯ 10 vs. mPer2-M, 87 Ϯ 8; P Ͻ 0.01). Although there was no difference in the average area/vessel in the WT versus mPer2-M control mice or in the vessels in the infarct region, there was a significant difference in the area/vessel in the uninjured tissue regions of the infarcted heart (WT, 6.3 Ϯ 0.8 vs. mPer2-M, 9.7 Ϯ 0.4 m 2 ; P Ͻ 0.01). Immunohistochemistry for activated fibroblasts was performed using an anti-␣-SMA antibody, and representative images of infarct zone of WT and mPer2-M hearts at 4 days post-MI are shown in Fig. 3 , G and H, respectively. Fibroblast density in the infarct zone was 44% higher in mPer2-M hearts at 4 days post-MI than in WT mouse hearts ( Fig. 3I ; WT, 60 Ϯ 6 vs. mPer2-M, 108 Ϯ 17, P Ͻ 0.05). There was no difference in fibroblast proliferation rate (SMA ϩ ϩ BrdU ϩ /SMA ϩ ) between the two groups at 4 days post-MI or interstitial fibrosis (data not shown). It is possible that proliferation occurs earlier since there was less injury to the mPer2-M hearts, but this was not determined. Figure 4 shows representative micrographs for MMP-9 immunohistochemistry in 4-day WT and mPer2-M hearts and a Western blot to demonstrate changes in the expression level. The images demonstrate the presence of this protein in inflammatory cells. One representative sample per group most closely approximating the average of the three per group measured was used for Western blot analysis. Densitometry of the bands shows there is no difference in the expression of MMP-9 between control WT or mPer2-M hearts; however, in contrast to the 40% increase in expression in 4 day WT infarcted hearts compared with control, the expression level does not change in mPer2-M hearts at 4 days post-MI.
RT-PCR.
The level of transcripts as measured by the critical threshold (detection threshold) of each gene in each sample was normalized to the constitutive housekeeping gene GAPDH to control for sample to sample differences. The groups (n ϭ 3) were compared as follows: control mPer2-M versus control WT, 4-day WT versus 4-day control, 4-day mPer2-M versus control mPer2-M, and 4-day mPer2-M versus 4-day WT. There were no differences in the expression levels of any of the seven genes (mPer2 was not measured in mPer2 mutant mice), except for bmal, with a measured 1.54-fold increase in 4-day mPer2-M from 4-day WT mice (P Ͻ 0.05).
Cardiac function. Pressure-volume loops for WT and mPer2-M mice are shown in Fig. 5 (n ϭ 6 per group) . There were no differences in ventricular performance between the groups before infarction. After infarction, as expected, the indexes of ventricular performance decreased in both WT and mPer2-M 4 days post-MI (Table 1) . However, the loss of ventricular contractile function was significantly attenuated in the mPer2-M animals compared with infarcted WT animals. Peak LVP (WT, 67 Ϯ 3; and mPer2-M, 79 Ϯ 4; P Ͻ 0.05), end-systolic pressure-volume relationship (ESPVR; WT, 2.23 Ϯ 0.23; and mPer2-M, 2.98 Ϯ 0.20 mmHg/l; P Ͻ 0.05), and PRSW (WT, 49.1 Ϯ 2.8 mmHg/l; and mPer2-M, 61.4 Ϯ 2.4 mmHg; P Ͻ 0.05) were significantly better in the mPer2 animals, whereas heart rate, cardiac output, ejection fraction, and stroke volume were not different between the groups. Since bradycardia can decrease cardiac output by limiting stroke volume (14) , it is possible that anesthesia-induced bradycardia created some degree of ventricular dilatation that partially masked the differences between the groups in measurements of output and stroke volume. However, the ESPVR and PRSW are widely held to be more sensitive measures of performance. Clearly, at 4 days, significant dysfunction compared with control values exists in both groups, but the improved performance in the mPer2-M animals is consistent with the decreased inflammation and reduced apoptosis also described in these animals.
DISCUSSION
Our data represent novel findings regarding the interaction between the circadian rhythm gene mPer2 and cardiac injury. In summary, we observed significant myocardial protection in mPer2-M mouse hearts as evidenced by a 43% reduction of infarct area, a 43% increase in vascular density, 25% less macrophage infiltration, 17% more hypertrophy, and 15% less cardiomyocyte apoptosis in the infarct zone of mPer2-M mouse hearts compared with WT mouse hearts 4 days post-MI. Our hemodynamic data confirm less dysfunction, as exhibited by the preservation of contractility and indexes of cardiac work such as in ESPVR, PRSW, and LVP in mPer2-M, 4 days post-MI. There was better functional preservation in the mPer2-M animals, although the large difference in infarction was accompanied by modest improvements in indexes of contractility. In part, some of the differences may have been masked by the bradycardia induced by the anesthetic, but more likely, the severity of the infarction and the early time point of these data both contribute to limiting differences that might be observed in functional performance. However, the improvement in performance, combined with the decreased inflammation and volume of necrosis, would be consistent with an expectation of better longer-term recovery once the infarction completely resolves.
In the absence of reperfusion, at 4 days post-MI, granulation tissue comprised of macrophages, endothelial cells, and fibroblasts are at the peak of proliferation and migration to initiate scar formation (43) . Mice lacking functional mPer2 protein contained less macrophages, more myofibroblasts, and better preservation of capillary density and displayed decreased total and cardiomyocyte apoptosis compared with matched C57 controls at 4 days post-MI. Previous studies showing that mPer2-M mutant mice failed to show a daily rhythm in levels of IFN-␥, a potent proinflammatory cytokine and activator of macrophages that is secreted by natural killer (NK) cells (1, 23) . The decreased responsiveness of the inflammatory cascade may be responsible in part for the decreased apoptosis because of reduced oxidative stress and cytokine elaboration (8, 17, 37) . The lack of functional Per2 protein in the heart may be directly responsible for the reduced apoptosis as well, since a previous study showing mPer2 overexpression in mouse Lewis lung carcinoma cells and mammary carcinoma cells (EMT6) resulted in rapid apoptosis by a downregulation of c-Myc, Bcl-X(L), and Bcl-2 and an upregulation of p53 and bax (18) . Also, it has previously been shown that in the inflammatory response following an LPS challenge in mPer2 mutant mice, the inflammatory response is blunted because of deficient NK cell function (23) . Furthermore, when the circadian system is uncoupled centrally, the rats kept in total darkness during the first 48 h following brain injury exhibited an improved recovery (4, 41, 42) . These data coordinately suggest that the reduced injury in the nonreperfused model occurred by decreased immune cell infiltration and function as well as reduced cardiomyocyte apoptosis, leading to the expeditious resolution of infarct repair. An increased myofibroblast density in the infarct zone is also suggestive of faster healing. This notion is further supported by the decreased expression of MMP-9 in mPer2-M hearts at 4 days post-MI. MMP-9 is known to be upregulated early in response to injury and is often found to be expressed by leukocytes (15) . Furthermore, MMP-9 null mice exhibit reduced infarct area in response to acute ischemia-reperfusion, and this was attributed to less neutrophil infiltration (31) , and in the absence of reperfusion, there was less deleterious remodeling, dilation, and fewer macrophages (6) . Indeed, we observed a decreased MMP-9 expression in inflammatory cells, and this, combined with the reduced density of inflammatory cells and reduced cardiomyocyte apoptosis, indicates that less injury is part of the mechanism by which the infarct area is reduced in mPer2-M hearts. Furthermore, the observed decrease in cardiomyocyte apoptosis, increased cardiomyocyte hypertrophy, and reduced infarct size imply that less death and more robust compensation act coordinately to preserve cardiac function.
Mechanistically, Per1, Per2, Cry1, and Cry2 interfere with Clock-Bmal1 activity to repress transcription targets (10, 35) . Since Per2 protein is nonfunctional in these mPer2-M mice and bmal1 (arntl) gene expression is increased in response to ischemia in the absence of reperfusion in mPer2-M versus WT mice, this would suggest that the repressor activity normally effected by mPer2 is alleviated and so targets could be upregulated. These targets include endothelin-1, VEGF, and metabolic enzymes known to play a role in hypertrophy and angiogenesis (39) . Also, the work by Koyanagi et al. (21) showing that the transfection of tumor cells with Per2 dose-dependently inhibits VEGF induced by hypoxia via the inhibition of hypoxiainducible factor-1␣/ARNT-induced VEGF promoter activity further lends support to the idea that mPer2 mutants probably have increased VEGF levels and hypertrophic mediators in response to hypoxia/ischemia (21, 39) . Further investigation into vascular changes, as well as potential mediators of this and the observed increase in cardiomyocyte hypertrophy, is needed.
We postulate that the synchronization between the SCN and peripheral clocks is a continuous process and that the pressure to maintain this synchronization involves signaling mechanisms that are energetically demanding for the peripheral target tissues. When coupled with an underlying pathophysiology that generates a vulnerable substrate, such as coronary artery disease or pressure overload, the pressure to normalize desynchronized rhythms may increase the progression of injury. Additional mechanistic studies are needed to understand the signaling pathways between clock genes and cardiac genes that afford this protection. Long-term studies are also needed to determine whether the observed enhancements in the repair process result in reduced scar formation and consequent ventricular remodeling as well as an amelioration of cardiac dysfunction.
